The plus-end-binding protein CLASP2 was shown to regulate MT capture at the neuromuscular junction. Results: GSK3␤-mediated CLASP2 phosphorylation regulates CLASP2-MT binding and AChR insertion at synaptic clusters. Conclusion: The agrin-induced control of CLASP2 phosphorylation is an important mechanism for MT capture and synaptic AChR clustering. Significance: Agrin-induced AChR delivery to synaptic AChR clusters through CLASP2-mediated MT capture ensures efficient clustering of AChRs at the synaptic muscle membrane.
The major presynaptic organizer of postsynaptic differentiation at the neuromuscular junction (NMJ) 4 is agrin (1-3), a heparan sulfate proteoglycan secreted from the motor nerve terminal and acting through its receptor/effector LRP4/MuSK in the muscle fiber membrane (4, 5) . Agrin on its own is sufficient to induce differentiation of functional synaptic membranes in vivo in the absence of motor nerves, including a postsynaptic apparatus (6 -8) that traps and anchors the acetylcholine receptors (AChRs) at high density at the synapse (9 -12) . Another factor contributing to synaptic AChR clustering is the focal delivery of AChRs to the clusters through focal capturing of microtubules (MTs), with MT capturing depending on the MT plus-end tracking protein (ϩTIP) CLASP2 (13) . Because agrin inactivates GSK3␤ in muscle cells (13) , and inactivation of GSK3␤ stimulates CLASP2-mediated MT capturing at the leading edge of migrating cells (14 -16) , agrin may direct MTs to the synaptic membrane by a process involving GSK3␤ and CLASP2. However, the mechanisms of this process are not understood.
CLASP2 interactions with MTs are complex and involve indirect binding to growing MT ends through the "core" TIPs EB1 and EB3 as well as direct MT binding (15, 17) . MT binding is mediated by multiple weaker affinity interactions, including the central arginine-and serine-rich intrinsically disordered region (18) , as well as TOG-like MT-binding domains (19) . Both direct and indirect CLASP MT bindings are inhibited by phosphorylation of an array of GSK3␤ sites in the middle of the protein (16, 20) . Furthermore, mutation of potential GSK3 target serine residues within this domain to nonphosphorylatable alanine residues (CLASP2-9XS/A) enhances CLASP2 binding to MT ends, whereas mutation to the phosphomimetic residue aspartic acid (CLASP2-8XS/D) strongly reduces MT plus-end binding (20) . In interphase cells, the C terminus of CLASP2 interacts with CLIPs (14) , with the trans-Golgi network protein GCC185 (21) , and with the cell cortex proteins LL5␤ and ELKS (22) . Interestingly, LL5␤ is present at the NMJ and is involved in AChR clustering (23) ; however, it is not known whether it mediates CLASP2-dependent MT capture at the NMJ.
Here, we overexpressed GFP-tagged wild type CLASP2, nonphosphorylatable CLASP2-9XS/A, or phosphomimetic CLASP2-8XS/D in cultured myotubes grown on agrin patches to examine the role of GSK3-dependent CLASP2 phosphorylation in the regulation of agrin-induced MT capturing and focal delivery of AChRs to the cluster. Delivery was inhibited by a constitutively active mutant of GSK3␤, an effect that was rescued by forced expression of CLASP2-9XS/A. Both the CLASP2-8XS/D mutant and the CLASP2-9XS/A mutant accumulated in AChR clusters, albeit with different dynamic behavior. In addition, the CLASP2-8XS/D mutant reduced and the CLASP2-9XS/A mutant promoted, respectively, MT capturing and AChR cluster size at agrin-induced AChR clusters. Our experiments suggest that agrin, through inactivation of GSK3␤, locally inhibits GSK3␤-dependent phosphorylation of CLASP2 near the agrin patch; in turn, this promotes CLASP2 binding to MTs near the patch to mediate local MT capturing. MT plusend density at the cluster correlates with acetylcholine receptor cluster size, and we suggest that both GSK3␤-dependent phosphorylation and the level of CLASP2 play a role in the maintenance of cluster size.
EXPERIMENTAL PROCEDURES
Plasmids and Constructs-Adenoviral mRFP-GSK3␤-S9A expression construct as well as adenoviral wild type and mutant GFP-CLASP2 expression constructs (all covering amino acids 340 -1362 of the CLASP2 isoform with accession number XP_291057.5) are described elsewhere (20) .
Generation and Usage of Adenoviral and Lentiviral Particles-To generate adenoviral particles for protein expression in myotubes, adenoviral vectors were linearized by PacI digest to expose the viral long terminal repeats (LTRs), precipitated, washed, resuspended, and transfected into adenovirus-producing 293Ad cells. The next day medium was exchanged and cells were allowed to accumulate adenoviral particles intracellularly for 10 -14 days, until visible regions of cytopathic effect were observed. Cells were then scraped off and centrifuged, and the pellet was resuspended in PBS and subjected to four consecutive freeze/thaw cycles using MeOH at Ϫ80°C and cell thawing at 37°C to release adenoviral particles into solution. Cell debris was collected by centrifugation at 3000 rpm for 15 min at room temperature. The supernatant containing viral particles was used to again infect 293Ad cells, to amplify the viral stock to high titer. After 3-5 days, when visible regions of cytopathic effect were observed, cells were harvested and processed as described above. Finally, viral supernatants were aliquoted and stored at Ϫ80°C. In some cases, we were provided with readymade adenoviral particles, which were either used directly or amplified in 293Ad cells as described above.
Antibodies and Chemicals-Polyclonal rabbit anti-human EB3 has been described (13) . Other antibodies were commercial products as follows: anti-GFP (chicken, Invitrogen) and anti-␣-tubulin (rat, Abcam). Secondary antibodies were Alexa-conjugated goat anti-rabbit, goat anti-mouse, or goat anti-rat antibodies (Invitrogen) as well as donkey anti-chicken (Jackson Immuno-Research). AChRs were labeled with ␣-BTX-Alexa488, -594, or -647 (Invitrogen) as indicated. Antibiotic/antimycotic solution was purchased from Invitrogen, and basic FGF was purchased from Invitrogen.
Preparation of Primary Muscle Cultures-Neonatal leg muscles from C57Bl6 mice were minced and dissociated with collagenase type IV and dispase type II, and cells were plated on a laminin substrate in DMEM containing 2 mM glutamine, 20% FCS, 5 ng/ml recombinant human basic FGF, and 1% antibiotic/antimycotic solution. After 2 days, cells were resuspended in PBS by brief trypsinization, treated with rat monoclonal anti-mouse ␣7-integrin antibody, and purified using (magnetic) Dynabeads coated with sheep anti-rat IgG and a Dynal-MPC-L magnetic particle concentrator (24, 25) . Myotubes were cultured on laminin-coated dishes focally impregnated with patches of agrin as described (13) . For the preparation of the dishes, COS-1 cells, transfected with a plasmid coding for full-length chicken neural agrin (26) , were seeded at a density of 7-20 ϫ 10 3 cells per 30-mm laminin-coated culture dish. After 48 h, cells were extracted for 1 h in 2% Triton X-100 in PBS, followed by intense washing (6 -8 times for 1 h in PBS) and myoblast seeding (25) . Subsequent differentiation was in DMEM, 5% horse serum, and 1% antibiotic/antimycotic solution. It should be noted that throughout this study, unless specified, agrin was applied attached to the culture substrate rather than in solution to mimic the in vivo situation.
For gene delivery in vitro using conventional transfection, myoblasts were transfected at confluency, immediately before switching to fusion medium using FuGENE6 (Roche Applied Science). For adenoviral and lentiviral transduction, cells were infected after formation of myotubes, and cells were imaged 48 h post-viral infection.
Immunofluorescence-To stain ϩTIPs and other proteins, myotube culture dishes were dropped into Ϫ80°C methanol for 45 min, then transferred to a 1:1 mixture of methanol and 4% PFA at Ϫ20°C for 30 min, followed by 10 min in 4% PFA at room temperature and 10 min in 100 mM glycine at room temperature. Cells were then permeabilized and blocked in PBS, 0.5% Triton X-100, 20% normal goat serum (NGS) (4°C, 60 min). Primary and secondary antibodies were diluted in blocking solution and were applied at 4°C overnight (primaries) or at room temperature for 45 min (secondaries).
Confocal Microscopy-Confocal microscopy was performed as described before. Briefly, myotubes were imaged with an SP5 confocal scanning laser microscope (DMI 4000B; Leica) at a resolution of 1024 ϫ 1024 pixels using an HCX PL APO ϫ100 objective (NA 1.46) or an ACS APO ϫ63 objective (NA 1.30).
Image stacks were acquired with a step size of 300 nm. For comparison of different samples, the same laser settings and gains were applied.
Total Internal Reflection Microscopy (TIRFM)-The dynamics of GFP-CLASP2 proteins at agrin-induced clusters were examined in primary mouse myotubes by TIRFM. Myotubes derived from C57Bl/6 mice were stained with ␣-BTX-594 for 30 min and then washed with prewarmed DMEM for 1 h prior to imaging. For viral infections, myotubes were infected with the indicated viral supernatants 2 days prior to imaging. Cells were imaged at 37°C and 5% CO 2 in Krebs-Ringer solution (140 mM NaCl, 5 mM KCl, 1 mM Mg 2ϩ , 2 mM Ca 2ϩ , 20 mM Hepes, 1 mM NaHPO4, and 5.5 mM glucose) at pH 7.4. Images were acquired on an inverted Nikon TI Eclipse microscope fitted with a ϫ100 apo-TIRF objective from Nikon (NA ϭ 1.49), using an EM-CCD camera (Evolve, Photometrics), with the 491-and 561-nm laser lines (20 milliwatt) using a filter block from Chroma, and the Lambda10-3 shutter. Focus was maintained throughout imaging with the help of a perfect focus system. For analyzing the time course of CLASP2 dephosphorylation, 10 nM soluble chicken agrin (27) was added to GFP-CLASP2-infected cultured myotubes for the indicated time points followed by fixation in 2% PFA. Cells were then treated with ␣-BTX-594 (1 g/ml for 15 min), washed in PBS, and imaged using TIRF microscopy.
Structured Illumination Microscopy (SIM)-Fixed samples were imaged using the ELYRA PS.1 structured illumination microscope (Carl Zeiss AG, Jena, Germany). Images were acquired using a ϫ63/1.40 oil plan apochromat objective and an Andor iXon DU 885 EMCCD camera. Stacks of images of cultured myotubes were acquired at a step size of 0.140 m. Image processing was performed using the Zeiss Zen software. For co-localization experiments, precise pixel alignment between different acquisition channels was ensured by correcting potential pixel shifts via the channel alignment function within the Zen software (Zeiss). Maximum intensity projections were generated using Fiji (28) .
ϩTIP Dynamics-For TIRF imaging of GFP-CLASP2-infected cells, images were acquired at one frame/s for 160 -180s with an exposure time of 500 ms. Dynamics of CLASP2 comets inside and outside agrin-induced AChR clusters were analyzed using ImageJ. A maximum intensity projection of 180 frames was first used to outline comet traces within the imaged area, and kymographs were generated for selected traces using the Kymograph plugin for ImageJ from J. Rietdorf (Friedrich Miescher Institute, Basel, Switzerland) and A. Seitz (EMBL, Heidelberg, Heidelberg, Germany).
Quantitative Analysis of ϩTIP Density in Fixed Cells-Immunostaining in cultured myotubes was performed as described previously (13) . The AChR cluster was defined as a region of interest (ROI), and the total number of EB3 comets were counted using ImageJ. A similar ROI was selected outside the cluster for each cell, and EB3 comets were counted within this as well. The number of comets per unit area was then calculated inside and outside the clusters to obtain EB3 comet density. Intensity profiles for GFP and EB3 immunostainings were generated for the corresponding single channel images, using the Plot Profile tool in ImageJ, after defining the GFP signal from each plus-end as a segmented line ROI.
Estimation of AChR Delivery Versus Removal from Changes in Size and Density of AChR Clusters-Changes in
AChR insertion into clusters in response to pharmacological or genetic manipulation of myotubes were inferred from changes in AChR cluster size. In principle, changes in agrin-induced AChR cluster size in response to such treatments might occur through changes of AChR insertion into, or AChR removal from, the clusters. These possibilities can be distinguished from one another by employing appropriate experimental protocols (13) . Specifically, changes in cluster size of AChRs stained before the treatment will reveal changes in AChR removal, whereas changes in the size of clusters stained after the treatment will reflect changes in AChR insertion, on the condition that the density of the AChRs in the cluster remains unchanged.
To analyze the effect of constitutive GSK3␤ on AChR clustering, 24 -36 h after switching to differentiation medium, myotubes were transduced with adenoviral particles encoding mRFP-GSK3␤-S9A and 48 -72 h later were fixed in 2% PFA for 5 min. Cells were stained for AChR clusters using ␣-BTX-Alexa647, whereas mRFP signal was imaged unstained, using intrinsic protein fluorescence. Images were taken at low magnification (HC Plan Apo ϫ20/0.70 objective; inverted microscope (DMI 6000B; Leica); 1394 ORCA-ERA camera (Hamamatsu Photonics), Volocity 6.0.1 (PerkinElmer Life Sciences)), and the AChR cluster area was quantified using ImageJ. For each experiment, all conditions were imaged under identical settings within the same imaging session. Cultures within one experiment were cultured on the same batch of COS-agrin dishes (see under "Preparation of Primary Muscle Cultures" above). The size of the AChR cluster was defined by drawing an ROI using ImageJ, and the integrated fluorescence density was divided by the ROI to obtain AChR cluster density. A corresponding region within the same myotube was outlined as an ROI for each cluster to subtract background fluorescence. Outlining the ROI by hand was preferred to using thresholding in ImageJ, because on many myotubes it allowed us to include clusters with magnetic beads (originating from the myoblast purification) in their vicinity whose autofluorescence interfered with automatic thresholding; defining the ROI manually thus allowed us to increase sample size. Manual definition of the ROI was validated by comparing the results with those from automatic thresholding in bead-free myotubes. The results with the two methods are quantitatively similar. It is important to note that because the COS-agrin dishes were freshly prepared for each myotube culture, the size and density of the agrin patch (and therefore the size and density of AChR clusters) varied considerably across experiments depending on the efficiency of transfection and secretion of agrin. It was therefore not useful to calculate absolute sizes and densities. Instead, values were calculated relative to the control, and normalized values were averaged over the various experiments.
To analyze the effect of constitutive GSK3␤ on AChR clustering with and without the GFP-CLASP2 mutants, 24 -36 h after switching to differentiation medium, myotubes were transduced with the indicated adenoviral constructs, and 48 -72 h later were fixed in 4% PFA for 5 min. Cells were stained for AChR clusters using ␣-BTX-Alexa647. GFP and mRFP signals (from GFP-CLASP2 and mRFP-GSK3␤-S9A, respectively) were imaged unstained, using intrinsic protein fluorescence. Images were taken at low magnification using an SPE confocal scanning laser microscope (DMI 4000B; Leica) at a resolution of 1024 ϫ 1024 pixels and ϫ20 magnification. AChR cluster area was quantified using ImageJ.
RESULTS
Rescue of AChR Cluster Size in Clasp2 Knock-out Myotubes by Overexpression of Wild Type GFP-CLASP2-RNA sequencing has revealed that in the muscle and neuromuscular junction only Clasp2␥ mRNA is expressed (data not shown), which encodes an ϳ140-kDa isoform of CLASP2 (14) . Recently, GFPtagged CLASP2 constructs have been described, in which potential GSK3 phosphorylation sites were mutated either to alanine (CLASP2-9XS/A) or to aspartic acid (CLASP2-8XS/ D), giving rise to phospho-resistant and phosphomimetic forms of CLASP2, respectively (20) . Compared with a nonmodified form of CLASP2, these proteins were shown to bind MTs and MT ends with different characteristics in cultured keratinocytes. However, these CLASP2 proteins (CLASP2-9XS/A, CLASP2-8XS/D, and CLASP2-WT) lack part of the N terminus of CLASP2␥, including a TOG-like domain (28) , which has been suggested to contribute to the binding of CLASP to MTs (19) .
Using primary myotubes cultured on a laminin substrate locally impregnated with agrin (see "Experimental Procedures") (13) as an in vitro two-dimensional model for AChR clustering and density, we could show previously that myotubes derived from Clasp2 knock-out mice have reduced AChR cluster size through reduced AChR insertion (13) . To ascertain that the function of GFP-tagged wild type CLASP2 in AChR clusters is not affected by N-terminal truncation, we tested whether it was functional in our system and could rescue the Clasp2 knock-out phenotype on AChR clustering in myotubes. We infected myotubes with truncated wild type GFP-CLASP2 and compared AChR cluster size and density in these cultures with noninfected myotubes derived from wild type or Clasp2 knockout mice. Myotubes analyzed were selected visually based on the expression of the appropriate constructs and their respective markers. Expression of truncated GFP-CLASP2 rescued the cluster area defect in the Clasp2 knock-out myotubes (Fig.  1, A and B ), suggesting that this form of CLASP2 is functional in myotubes.
We previously described that addition of soluble neural agrin to myotube cultures causes the rapid phosphorylation of GSK3 (13) . Our hypothesis predicts that agrin, through local inactivation of GSK3␤, dephosphorylates CLASP2, thus promoting its binding to MT plus-ends at the cluster (13) . Using wild type GFP-CLASP2 accumulation as a read-out for CLASP2 dephosphorylation by agrin, we examined the time course of GFP-CLASP2 accumulation at AChR clusters by culturing myotubes expressing wild type GFP-CLASP2 on laminin alone (i.e. without agrin patches), and we observed the accumulation of GFP over time in response to added agrin at laminin-induced AChR clusters, which do form at low incidence in the absence of agrin (29) . Before adding soluble agrin to the culture medium, no GFP-CLASP2 accumulation was seen ( Fig. 2) . Clear GFP fluorescence was detected 4 h after addition of soluble agrin (Fig. 2 ), and the fluorescence increased in intensity over the next 18 h. This indicates that truncated GFP-CLASP2 is properly activated by agrin. Interestingly, its recruitment to clusters lags somewhat behind the time course of phosphorylation of GSK3␤ demonstrated earlier (13) . Taken together our data suggest that the truncated wild type, phospho-resistant, and phosphomimetic forms of CLASP2 can be used in our studies to examine the role of GSK3-dependent CLASP2 phosphorylation in the regulation of agrin-induced MT capturing and AChR cluster size and density.
Rescue of AChR Cluster Size in Myotubes Expressing Constitutively Active GSK3␤ by Expression of Phospho-resistant GFP-CLASP2-Mammalian CLASP2 contains multiple SXXXS repeat GSK3 phosphorylation motifs within the central, intrinsically disordered protein domain surrounding the two CLASP2 SXIP EB1-binding motifs (18) . CLASP2 interactions, either directly with MTs or with growing MT ends through EB1, are controlled by GSK3 (20) . Multisite phosphorylation of these SXXXS motifs occurs by the action of a priming kinase, which phosphorylates a first site, followed by the rapid and processive GSK3-mediated phosphorylation of all other sites. This inhibits MT binding through disruption of distributed electrostatic interactions (18) . Indeed, the previously generated CLASP2 construct in which all nine of the potential GSK3 phosphorylation sites are mutated to nonphosphorylatable alanine residues (CLASP2-9XS/A) strongly enhances binding to MTs and EB1 in cultured cells, whereas the CLASP2 construct in which the eight serine residues that we confirmed to be phosphorylated are mutated into negatively charged phosphomimetic aspartate residues (CLASP2-8XS/D), completely disrupts MT binding.
We have shown previously that inactivation of GSK3 by the inhibitor CHIR99021 renders the AChR cluster area larger in wild type myotubes but is unable to rescue the cluster size defect in Clasp2 knock-out myotubes (13) . These results suggested that GSK3 activity is an important parameter controlling AChR cluster size and that GSK3 acts, at least in part, through CLASP2. To provide further evidence for agrin promoting AChR insertion through MT capture via GSK3␤-dependent-CLASP2 dephosphorylation, we tested for an effect of GSK3␤ activity on AChR clustering. We compared agrin-induced AChR clusters, which were stained with ␣-BTX-Alexa647, in untreated wild type myotubes with those in wild type myotubes induced to express constitutively active GSK3␤ (i.e. mRFP-GSK3␤-S9/A (20) ), both in the absence and in the presence of the CLASP2 phospho-resistant mutant (GFP-CLASP2-9XS/ A). We found that expression of mRFP-GSK3␤-S9/A alone reduced AChR cluster size (Fig. 3, A and B) . When, in addition to mRFP-GSK3␤-S9/A, GFP-CLASP2-9xS/A was expressed, the reduction of cluster size was reversed (Fig. 3, A and B) . The quantitative effect of the introduced constructs on AChR cluster size depended on their respective expression levels. For example, in experiments where the level of mRFP-GSK3␤-S9/A was lower, the reduction in cluster size was lower, but GFP-CLASP2-WT partially rescued cluster size, and the rescue by GFP-CLASP2-9XS/A was more pronounced (data not shown) than illustrated in Fig. 3 . These data suggest that a reduction in AChR cluster size due to overactive GSK3 is overcome by expression of a phosphorylation-resistant form of CLASP2 but not of wild type CLASP2. Thus, one way for agrin to regulate AChR clustering is by inactivation of GSK3␤, which increases the local content of nonphosphorylated CLASP2, thereby promoting MT capture at, and as a consequence AChR delivery to, the cluster.
Dynamic Behavior of GFP-tagged CLASP2 Proteins in Myotubes-To observe the dynamic behavior of wild type and mutant GFP-CLASP2, we infected cultured myotubes with adenoviral constructs expressing the different proteins, stained AChR clusters with ␣-BTX-Alexa-594, and performed time-lapse TIRF microscopy experiments. Outside AChR clusters in myotubes expressing phosphomimetic CLASP2, GFP-CLASP2-8XS/Dpositive MT plus-ends could barely or not at all be resolved, consistent with the strongly reduced binding of mutant CLASP2 to MT plus-ends (Fig. 4, A and B) . In contrast, in myotubes expressing CLASP2-9XS/A examined at identical settings, comets were visible, which appeared quite bright, consistent with a high affinity of CLASP2-9xS/A for MT plus ends (Fig. 4, C and D) . Inside the agrin-induced AChR clusters of myotubes expressing GFP-CLASP2-8XS/D, the GFP fluorescence was very bright and immobile, and it appeared either striped or unstructured (Fig. 4, A and B) . A similar pattern was observed in myotubes expressing GFP-CLASP2-9xS/A, except that signals within the AChR cluster resembled comet-like structures more often (Fig. 4, C and D) .
Neither CLASP2-8XS/D nor GFP-CLASP2-9XS/A GFP fluorescence at AChR clusters showed much dynamic behavior over time, as seen from the complete superposition of the fluorescence signals from single frames and from maximum inten- Primary myotubes cultured on laminin were infected with GFP-CLASP2. Two days later, cultures were treated with 10 nM soluble agrin for the indicated times, before fixing in 2% PFA. ␣-BTX-594 was added to cells after fixation. Cells were imaged using TIRF microscopy. Note the accumulation of GFP-CLASP2 at AChR clusters at 4 and 18 h after agrin addition. Scale bar, 10 m. OCTOBER 31, 2014 • VOLUME 289 • NUMBER 44 JOURNAL OF BIOLOGICAL CHEMISTRY 30861 sity projections of multiple frames (Fig. 4 , A and C, and boxed insets). Some of these had a shorter, more punctate appearance (box 3 and 4, open arrowheads) than the comet-like GFP signals (box 3 and 4, closed arrowheads). Both types resulted in "static kymographs" of relatively constant intensity over time ( Fig. 4, E,  F, H, and I) . This was in contrast to the GFP signals in myotubes derived from GFP-CLIP-170 knock-in mice (13) , where GFP fluorescence along kymographs varied in intensity over time ( Fig. 4G derived from Ref. 13) . Strikingly, GFP-CLASP2-8XS/D, which binds MT ends with reduced affinity (20) , dis-played a completely static behavior in AChR clusters (Fig. 4E ). Because the majority of the GFP-CLASP2-8XS/D-positive patterns inside clusters are unlikely to represent captured MTs, we attributed fluorescence at AChR clusters to binding of the GFP-CLASP2 mutant to other proteins, for example to LL5␤, which is enriched at agrin-induced AChR clusters (23) , and which is relatively immobile, at least in cortical regions of cultured fibroblasts (22) . Taken together, our data suggest that the binding of CLASP2 to MTs inside clusters renders the protein more dynamic. Myotubes differentiated on patches of immobilized neural agrin were infected with adenoviral vectors coding for either GFP, mRFP-GSK3␤-S9A, or a combination of mRFP-GSK3␤-S9A and either wild type (WT) CLASP2 or phosphorylation-resistant CLASP2-9xS/A. Two days later, myotubes were fixed in PFA and stained for AChRs with ␣-BTX647, and relative AChR cluster size was quantified. Graphs show means Ϯ S.E. ***, p Ͻ 0.001; for two-sided t test; n (uninfected) ϭ 48; n (GFP) ϭ 60; n (GSK3␤-S9A infected) ϭ 56; n (GSK3␤-S9A and CLASP2-WT infected) ϭ 47, and n (GSK3␤-S9A and CLASP2-9xS/A infected) ϭ 36. 
AChR Clustering Regulated by GSK3␤ and CLASP2

Configuration of Captured MTs at AChR
Clusters-At the leading edge of migrating cells, the MTs are captured depending on the phosphorylation state of CLASP2 (14 -16, 20) . When nonphosphorylated, CLASP2 binds to MT plus-ends and thus mediates MT capture to the cell cortex. To examine whether CLASP2-dependent MT capturing at agrin-induced AChR clusters depends on the CLASP2 phosphorylation state, we compared MT plus-end density at clusters in myotubes either expressing GFP-CLASP2-9XS/A or GFP-CLASP2-8XS/D. We visualized plus-ends of dynamic MTs independently of their CLASP2 binding in fixed myotubes by staining them with an antibody to EB3, the core ϩTIP expressed in cultured myotubes (13) . AChRs were stained with ␣-BTX-Alexa647. Indeed, enrichment of EB3-decorated MT ends was seen at agrin-induced AChR clusters in myotubes expressing GFP-CLASP2-9XS/A but not GFP-CLASP2-8XS/D (Fig. 5, A-C) .
Conspicuously, in myotubes expressing GFP-CLASP2-9XS/A, EB3-stained comets were significantly longer than in myotubes expressing GFP-CLASP2-wild type or GFP-CLASP2-8XS/D (Fig. 5, A and D) , particularly in MTs inside AChR clusters. Interestingly, binding of both EB3 and GFP-CLASP2-9xS/A to MTs increased markedly (Fig. 5E ). This is consistent with GFP-CLASP2-9xS/A binding to MTs and attracting EB3 to these MTs. To visualize this more directly, we measured fluorescent intensities of GFP-CLASP2 (WT and 9XS/A) and EB3 along MT ends inside and outside clusters. We found that in all situations EB3 staining was co-extensive with GFP-CLASP2, but in the presence of CLASP2-9XS/A EB3 comets were longer, particularly inside the clusters (Fig. 6A) .
The length of EB3 comets inside clusters of GFP-CLASP2-9XS/A-expressing cells, as measured by standard confocal microscopy (CLSM) in antibody-stained fixed cells (on average 4.5 m, Fig. 6A) , is considerably larger than the length of GFP-CLIP-170-or GFP-CLASP2-9XS/A-positive signals inside clusters, as measured with TIRFM in live cells (on average 1.5 and 2 m, respectively, Fig. 6B ). These data indicate that ϩTIP- Two days later, myotubes were fixed and stained for AChRs with ␣-BTX-Alexa647 (blue), GFP (CLASP mutant, green), and EB3 (red) and examined by CLSM. Boxes show areas enlarged in bottom panels (boxes 1, inside; boxes 2, outside AChR cluster). Note the unstructured GFP immunoreactivity at clusters of myotubes expressing phosphomimetic CLASP2 (see text for discussion). Arrowheads indicate comets positive for EB3 and CLASP2; asterisks indicate GFP-CLASP2 staining in the absence of EB3 co-localization. Scale bar, 10 m; 2.5 m (inset). B, quantification of MT plus-end densities. Myotubes were infected, fixed, and stained as described in A. EB3-coated MT plus-ends were measured inside and outside clusters. Densities were calculated by dividing the number of MT plus-ends by respective areas (means Ϯ S.E.; n ϭ 8 clusters examined in CLASP2-9XS/A, n ϭ 7 clusters examined in CLASP2-8xS/D, from two independent experiments). *, p Ͻ 0.05; two-sided t test. C, number of comets per unit area in CLASP2-9XS/A and CLASP2-8XS/D-expressing myotubes. Note that number of comets at the cluster is increased in 9XS/A compared with extrasynaptic areas. This increase is abolished upon 8XS/D expression. Bars give mean Ϯ S.D. from n ϭ 4 cells each. D, quantification of EB3-decorated MT plus-end lengths. Myotubes, infected with GFP-tagged wild type (WT), phosphorylation-resistant, or phosphomimetic CLASP2, were fixed and stained as described in A. The length of fluorescent EB3 "comets" on MT plus-ends was measured. Graphs show means Ϯ S.E. Six cells were analyzed per construct; total number of comets analyzed ϭ 226 for GFP-CLASP2-9XS/A; 183 for GFP-CLASP2-WT; and 186 for GFP-CLASP2-8XS/D. E, quantification of EB3-or CLASP2-decorated MT plus-end lengths. Myotubes, infected with GFP-tagged wild type (WT) or phosphorylation-resistant (9XS/A) CLASP2, were fixed and stained as described in A. The length of fluorescent EB3 or CLASP2 signal on MT plus-ends was measured inside and outside clusters. A total of 726 comets were analyzed; 430 for CLASP2-9XS/A from six cells; 296 for CLASP2-WT from three cells. Graphs show means Ϯ S.E. **, p Ͻ 0.01; ***, p Ͻ 0.001, two-sided t test. Comet lengths were normalized as shown. CLASP2 lengths in WT noncluster are from three cells only, as in CLASP2-WT-expressing cells, and CLASP2 comets outside the cluster were difficult to distinguish from background. coated MT plus-ends are not anchored parallel to the plasma membrane of the AChR cluster but under an angle. This causes loss of part of the GFP signal at plus-ends in experiments that use TIRFM. In fact, some of the immobile punctae of GFP-CLASP2-9XS/A (or GFP-CLIP-170; see Fig. 4 ) might represent captured MT plus-ends anchored perpendicular to the membrane. Interestingly, the MT network appeared to be organized parallel to the AChR membrane when visualized with high resolution SIM and with CLSM, and we did not find an increased MT density inside clusters, as compared with outside clusters (Fig. 6C) , despite the increased density of ϩTIP-coated MT plus-ends ( Fig. 5 , A-C) 5 and the increase in immobile GFP signals. The apparent discrepancy in the ratio of MTs and MT plus-ends inside and outside a cluster is explained by the fact that outside clusters MTs are more dynamic as many MTs will be shrinking and will not have an end that is stained with EB3. By contrast, inside the cluster most MTs are stable or growing, and all of these have EB3 at their ends. Furthermore, our data indicate that some of the immobile GFP-CLASP2-or GFP-CLIP-170-positive dots inside clusters either represent contacts between the MT lattice and proteins at the cluster membrane or represent proteins that are not bound to MTs.
MT Plus-end Density and AChR Cluster Size Are Correlated-According to our hypothesis, MT capture serves to deliver AChRs to the synaptic membrane of the NMJ (13) . Given the inverse relation of CLASP2 phosphorylation to MT binding affinity (20) , AChR delivery (and thus cluster size) would be expected to be inversely related to the abundance of phosphorylated CLASP2. We tested for an effect of CLASP2 phosphorylation state by comparing agrin-induced AChR cluster sizes, stained with ␣-BTX-Alexa647, in untreated wild type myotubes with those in wild type myotubes induced to express wild type GFP-CLASP2, phosphomimetic GFP-CLASP2-8XS/D, or nonphosphorylatable GFP-CLASP2-9XS/A. Myotubes analyzed were again selected visually based on the expression of the appropriate constructs and ␣-BTX-Alexa647.
In agreement with our hypothesis, and consistent with the density of EB3 comets at the agrin-induced AChR clusters, cluster size correlated inversely with the abundance of nonphosphorylated CLASP2 (Fig. 7, A and B, and Table 1 ). Specifically, clusters were largest in myotubes expressing nonphosphorylatable GFP-CLASP2-9xS/A and smallest in myotubes expressing phosphomimetic GFP-CLASP2-8xS/D (Fig. 7, B and C); in contrast, AChR densities were not affected by the type of CLASP2 mutant expressed (Fig. 7, D and E) . Therefore, the changes of cluster size observed indicate a direct effect of the mutants on AChR insertion because the stability of AChRs remains unchanged. Interestingly, expression of GFP-tagged wild type CLASP2 increased AChR cluster size (albeit nonsignificantly) compared with noninfected cells (Fig. 7C ). Com- bined, these data indicate that agrin-induced MT density and AChR cluster size are correlated both with CLASP2 phosphorylation at the cluster and by the levels CLASP2.
DISCUSSION
This study adds a new mechanism for agrin to organize sharply delineated clusters of high AChR density at the NMJ. In addition to trapping AChRs through the agrin-induced postsynaptic apparatus (11) , the CLASP2-mediated MT capturing to synaptic clusters contributes substantially to the size of agrin-induced synaptic AChR clusters.
Two lines of evidence support the involvement of focal GSK3␤ inactivation and, as a consequence, the phosphorylation state of CLASP2 in synaptic AChR delivery by synaptic MT capturing. First, the enrichment of MT plus-ends visualized by EB3 staining at AChR clusters in myotubes expressing wild type or GFP-CLASP2-9XS/A is absent when phosphomimetic GFP-CLASP2-8XS/D is expressed. Interestingly, cluster size is increased in GFP-CLASP2-9XS/A-compared with GFP-CLASP2-8XS/D-expressing myotubes. Second, AChR cluster size is reduced by constitutively active GSK3␤ (GSK3␤-S9A), an effect that is rescued by GFP-CLASP2-9XS/A, which is resistant to phosphorylation by GSK3␤ in its MT plus-end tracking domain. These data suggest that GSK3␤ regulates AChR delivery by controlling CLASP2 phosphorylation state and MT capture.
Using next generation sequencing on RNA derived from muscle or the NMJ, we have recently shown that in these tissues only one isoform of CLASP2, called CLASP2␥, is expressed (data not shown). This isoform of ϳ140 kDa is shorter than the CLASP2␣ isoform of ϳ160 kDa that is present in most cell types. CLASP2␣ has three TOG-like domains (31) . CLASP2␥ lacks the most N-terminal TOG-like domain that is found in CLASP2␣. Compared with CLASP2␥, the N-terminally truncated CLASP2 wild type construct used in our studies, which rescued AChR cluster size in Clasp2 knock-out myotubes, also lacks the middle TOG-like domain. The function of this second TOG-like domain is not yet well defined. It may contribute to MT binding to some extent (19) ; however, we have shown previously that this is mostly mediated by a third TOG-like domain C-terminal to the disordered central part of the protein (15, 19, 33) , which is present in the rescue construct. Overexpression of the rescue construct may compensate for a slightly reduced MT binding due to the absence of the second TOG-like domain.
Conspicuously, both GFP-CLASP2-9XS/A and GFP-CLASP2-8XS/D were enriched at agrin-induced AChR clusters, although for the latter, i.e. phosphomimetic CLASP2, the enrichment could not have been due to MT capturing. Thus, the enrichment of overexpressed GFP-CLASP2-8XS/D occurred through a different mechanism. We hypothesize this might be through binding to LL5␤, as this protein is enriched at NMJs in vivo (23) , and CLASP2 can associate with the cell cortex and with LL5␤ independently of its binding to MTs (17, 22, 30) . In addition, we have observed that overexpression of the LL5␤-binding CLASP2 C terminus abolishes MT capture at AChR clusters. 5 We explain this by assuming that overexpression titrates out the endogenous LL5␤-CLASP2 interaction. Alternatively, overexpression of the CLASP2 C terminus may affect the interaction of the C terminus of CLASP2 with another protein at the cluster.
Combined with our previous findings (13) , the present experiments strongly suggest that agrin promotes the delivery of AChRs (and possibly other synapse-specific molecules) to the synaptic muscle membrane through the local inactivation of GSK3␤; in turn, this maintains CLASP2 in a dephosphorylated state near the synaptic membrane. As a consequence, CLASP2 will accumulate on plus-ends of dynamic MTs as they approach the synaptic region, thus enabling CLASP2-mediated MT capturing at the cluster membrane. We have shown increased EB3 density and comet length in AChR cluster regions in CLASP2-9XS/A-expressing cells, suggesting that more MTs are captured in these cells and that MTs are more stable and immobile, compared with uninfected cells. However, EB1 has been shown to catalyze turnover of its own binding sites on MT ends thereby increasing the chances of catastrophe (32) . On the basis of these results, one would expect that increased MT end-binding by EB3, which is very similar to EB1, should increase MT dynamicity. That the opposite occurs is explained by assuming that stable MT ends at the NMJ have a FIGURE 7. AChR cluster size increases in proportion to the amount of available (active) CLASP2. A, representative images of agrin-induced AChR clusters in cultured myotubes. Primary myotubes differentiated on patches of immobilized neural agrin were infected with adenoviral vectors coding for GFP-tagged wild type CLASP2 (CLASP2-WT), phosphorylation-resistant CLASP2 (CLASP2-9XS/A), or phosphomimetic CLASP2 (CLASP2-8XS/D). Scale bar, 100 m. B and C, relative AChR cluster size in myotubes expressing indicated constructs. Cluster area was normalized to GFP-CLASP2-9XS/A in B. C, relative AChR cluster sizes (means Ϯ S.E.) in myotubes expressing indicated constructs were plotted as a scatter with the regression coefficient indicated in the respective graphs and normalized to GFP-CLASP2-WT. **, p Ͻ 0.001, two-sided t test. n ϭ 75 WT, 76 9XS/A, 59 8XS/D, and 41 uninfected clusters, two independent experiments. D and E, relative AChR density in the same myotubes as above expressing indicated constructs. Similarity of relative AChR densities at same clusters as in B and C excludes changes in AChR stability as the cause for differences in cluster size. Thus, changes in cluster size indicate changes in AChR insertion. high CLASP2-9XS/A (or nonphosphorylated CLASP2) to EB3 ratio; in this case CLASP2 stabilizes the MT end and attracts EB3. By contrast, on a growing MT end, EB3 attracts CLASP2, and the ratio of nonphosphorylated CLASP2 to EB3 is too low for CLASP2 to stabilize the MT end.
Our data further suggest that not only the phosphorylation state of CLASP2 but also the amount of protein determine how many MTs can be captured. Thus, CLASP2 is a limiting factor in the capture of MTs at the NMJ and in determining AChR cluster size. In addition, we propose that not only MT plus-ends are anchored to the membrane but that some of the immobile and punctate GFP-CLASP2-9XS/A-positive signals inside clusters, which we observed in this work (or of GFP-CLIP-170positive spots described earlier (13)), might actually represent contacts between the MT lattice and the cell cortex. These contacts could have been established at earlier time points when a growing MT end passed a particular spot in the cluster. It remains to be seen whether such MT lattice contacts also exist in vivo. Finally, because in the case of the GFP-CLASP2-8XS/D mutant dots inside clusters lack any dynamic behavior, we propose that under normal conditions CLASP2-MT-membrane contacts inside clusters render proteins more dynamic, perhaps as a result of lateral movements of MTs.
